We examine the utility of high density genotype assays for predisposition gene localization using extended pedigrees. Results for the distribution of the number and length of genomic segments shared identical by descent among relatives previously derived in the context of genomic mismatch scanning are reviewed in the context of dense single nucleotide polymorphism maps. We use long runs of loci at which cases share a common allele identically by state to localize hypothesized predisposition genes. The distribution of such runs under the hypothesis of no genetic effect is evaluated by simulation. Methods are illustrated by analysis of an extended prostate cancer pedigree previously reported to show significant linkage to chromosome 1p23. Our analysis establishes that runs of simple single locus statistics can be powerful, tractable and robust for finding DNA shared between relatives, and that extended pedigrees offer powerful designs for gene detection based on these statistics.
Introduction
The recently developed ability to genotype dense single nucleotide polymorphism (SNP) marker sets on accurate analytical platforms, coupled with relatively inexpensive costs and high efficiency is changing the nature of genetic analysis. As SNPs are far more abundant than conventional micro satellite markers, they have the capacity to give more precise and sure localization (Kruglyak 1997) . To date, analyses of dense SNP genome wide scans using pedigree data have been accomplished by linkage approaches, however, for even moderately sized pedigrees multi locus linkage analysis is tractable only by Markov chain Monte Carlo methods (Thomas et al. 2000; Wijsman et al. 2006) , and the number of loci in current SNP assays creates an immense computational burden. In addition to this, the sensitivity of linkage analysis to linkage disequilibrium (LD) (John et al. 2004; Amos et al. 2006 ) and the difficulties of modeling LD in linkage analysis, even by Markov chain Monte Carlo integration (Thomas 2007) , make alternative approaches very attractive.
Rather than the complete likelihood approach for arbitrarily structured pedigrees that linkage analysis accomplishes, we consider only sets of cases related by a single common ancestor or ancestral couple. Localization is based on the assumption that regions shared identically by descent (IBD) from a common ancestor indicate regions that are likely candidates for a predisposing gene. Since regions shared IBD must also be shared identically by state (IBS), runs of loci at which individuals share a common allele will tend to be longer when there is underlying IBD than when there is not. We develop this into a simple approach for localizing predisposition genes for a trait segregating in an extended pedigree. The distribution of runs of IBS loci, and hence statistical significance tests, are evaluated by simulation.
We briefly review relevant literature on IBD sharing in pedigrees, outline our IBS statistic and tests, and illustrate our approach with the analysis of a SNP assay of 109,299 loci for 8 related prostate cancer cases taken from an extended Utah family previously reported to give a lod score of 3.1 for linkage to chromosome 1p23. We discuss the implications of our approach and, in particular, the future work needed for further development.
Methods

IBD sharing in pedigrees
There is considerable literature on IBD sharing in statistical genetics, beginning with Fisher's junction theory (Fisher 1949 (Fisher , 1954 , a junction being defined as a point on a chromosome where DNA inherited from two distinct ancestral chromosomes meets. Donnelly (1983) modeled the common inheritance of ancestral chromosomal segments as a random walk over the vertices of a hypercube, where each dimension corresponds to a meiosis in the pedigree. Particular states such as, for example, where descendants share a segment IBD, correspond to particular sets of vertices. Cannings (2003) also derived results for this model. Houwen et al. (1994) and Heath et al. (2001) both used relatively isolated founder populations to identify a small number of distantly related cases who shared common chromosomal segments, which they used to map disease genes. However, neither of these approaches incorporated precise pedigree relationships between cases in their methodology and both used micro satellite markers which bypasses the complexity of dense SNP maps. Chapman & Thompson (2002) and te Meerman & examined the length of an ancestral chromosomal segment in founder populations and found that the segment length is dependent on time since founder population, population growth, genetic drift, limited negative selection, and population subdivision.
Using preliminary work of Sanda & Ford (1986) , Nelson et al. (1993) developed techniques and analysis methods for molecular genomic mismatch scanning (GMS). In GMS, long stretches of hybridized DNA from two related individuals identify IBD regions. When several pairs of individuals affected by a disease share the same IBD region, it becomes a candidate region for a shared disease predisposition gene. Thomas et al. (1994) extended statistical analyses of GMS data from IBD sharing for two related individuals to IBD sharing among multiple affected individuals in a pedigree. Although the GMS method has clear implications for gene mapping, it never realized its potential because the laboratory procedures are complex, subject to substantial background noise, and not suitable for scaling to high throughput systems. With the recent availability of dense SNP assays, however, allelic differences that are indirectly assayed in GMS can be directly assayed using SNP genotypes.
Two results derived by Thomas et al. (1994) are relevant here. The first concerns the probability distribution of the number of distinct segments shared IBD among a set of relatives, the second concerns the length of any such shared segment. Consider a set of individuals all descended from a common ancestor or common ancestral couple. Let d be the number of meioses that connect all of these individuals to a common ancestor, and let a be the number of common ancestors: 1 for a single ancestor, 2 for an ancestral pair. For instance, the pedigree shown in figure 1 has d = 15 and a = 2. Let k be the number of chromosomes being considered and let λ be the total number of recombination events expected over these chromosomes. For example, for a complete genome scan of the human autosomes k = 22 and λ ≈ 35 (Broman et al. 1998 ). The number of distinct chromosomal regions shared IBD by all the individuals is approximately distributed as a Poisson random variable with mean
An intuitive derivation of this result is straightforward: each of the d meioses creates, on average, λ junctions, which, with the chromosomal breakpoints, give a total of d λ + k stretches of contiguous DNA which segregate as a unit, and in a different way to the adjacent units. For each of these units, the probability that it is transmitted to all of the descendants is 1 2 d . If there is a common ancestral pair then there are 4 possible sources for the IBD segment, but only 2 if there is a single, multiply mated ancestor. The expected number of IBD segments shared by all descendants is simply the product of these three terms.
Also, if we assume that the underlying recombinations at each meiosis occur as independent Poisson processes, the length of any shared IBD segment is Exponentially distributed with mean 1 d
Morgans. This assumes that we can neglect the effects of truncation due to reaching the ends of chromosomes. These effects should be small when d is reasonably large.
Note that the distances are genetic distances so variation in recombination rates through the genome are irrelevant until we map to the physical domain. Note also that since the process marking all junctions is made by overlaying the d independent processes for each meiosis, departures from the Poisson assumptions for the individual processes are diluted in the overlaid process. Hence, the effect of interference is minimal, and the above Poisson and Exponential results are robust to it.
The situation is more complicated when all the individuals considered are full sibs since it is then possible that they share more than one chromosome IBD at any particular locus. A similar complexity occurs more generally in looped pedigrees. While the general case can be handled both by Donnelly's approach and by the simulation methods we describe below, the predominant structure available in our data resource is that addressed by Thomas et al. (1994) and illustrated in figure 1. We focus on the simpler case of a single common ancestor, or ancestral couple, for the remainder of this work. Note that in considering only the closest common ancestor of the cases, we are assuming that the effects of other, more distant, relationships are negligible.
Suppose now that we select our set of relatives to be cases for a disease. If we find that they share at least one segment of DNA IBD anywhere in the genome, the probability that this occurs under the hypothesis that the disease status is independent of genetic events is
If this is sufficiently small, we would reject the null hypothesis that they share by chance in favour of the hypothesis that there is a gene located in the IBD region affecting the trait. We emphasize that these probabilities are calculated based on the number of chromosomes, k, and the total genetic length, λ, so that no further multiple testing correction is required. Note that under the alternative hypothesis, each of the cases shares the length of the IBD region due to a shared disease predisposition gene, so the shared length is equal to the distance to the first junction on either side, and is hence the sum of two Exponentials or a Gamma(2,
), which again assumes that chromosome end effects are negligible. This also gives us some power to detect deviations from random segregation.
IBS sharing in pedigrees
Unlike GMS where shared IBD segments may be determined, genome wide SNP scans can only provide information on shared IBS regions. When individuals share a common allele at a contiguous series of SNPs this may correspond to underlying IBD or may have occurred by chance, particularly in a run of SNPs with low minor allele frequency. It may also be due to some combination of both causes. However, since regions IBD must also be IBS, IBS regions that cover IBD regions will generally be longer than those that do not. Thus, we can again test the null hypothesis that a shared IBS segment is independent of any underlying genetic influence on the disease if the length of the segment exceeds some critical value.
As we will show below, IBS sharing closely tracks IBD, so an alternative approach might be to use IBS sharing to infer IBD sharing and then test for a genetic cause using the distributions described above in section 2, taking into account the uncertainty in the inference of IBD. It is more straightforward, however, to test for the genetic cause using the IBS sharing directly, determining the critical value by simulation.
We define a set of n individuals to be IBS at a genotyped locus if they all share a common allele. At any locus i we can define S i as the largest number of individuals who share an allele and calculate this from the genotype counts (n 11 , n 12 , n 22 ) as
where 1 and 2 are arbitrary labels for the SNP's alleles. This assumes that the data are without error, but allows for missing values which are, in effect, counted as heterozygotes. Thus, S i can also be thought of as the largest subset of individuals whose genotypes, if correctly assayed, do not exclude the possibility that they share IBD. Taken individually, these S i have a low amount of information, however, we can exploit the density of a SNP assay by looking for runs of consecutive S i which exceed a given threshold.
To assess the extremity of any observed value of S i under the null hypothesis in a candidate region, we can compare it with sharing from the rest of the genome, under the assumption that the majority of the genome behaves under the null hypothesis. This approach has the advantage that it can be applied even when the genealogy is not known. Alternatively, when we have pedigree data, we can use a simulation scheme based on the model of Donnelly (1983) or Thomas et al. (1994) , as follows:
1. Each founder chromosome is represented by a unique identifier applied to an interval of (0, l) where l is the physical length of the region being simulated in bases. The physical distance between loci is maintained as in the observed data. 2. Working through each non founder in birth order we allocate them a chromosome represented by a list of intervals, where each interval has an identifier indicating the founder chromosome from which it is descended. Each set of intervals is derived by recombining the parent's chromosomes, the junctions being determined by a Poisson process with rate λ, the genetic length of the region in Morgans. 3. At each locus, each founder chromosome is allocated an allelic state randomly generated according to specified allele frequencies. This determines the genotypes of the remainder of the pedigree. 4. Genotype counts for the cases and S i , or other relevant statistics are computed.
Step 2 above assumes that the recombination rate is constant over the region simulated. Sex specific recombination rates, large scale variations such as the tendency for lower recombination rates near centromeres, and small scale variation due to recombination hot spots are issues that we plan to address in future work.
Step 3 assumes that the loci are in linkage equilibrium. We make an initial investigation of the effects of LD below, but this will also be a focus of future work.
We could at this stage base our statistical tests on either the number of contiguous loci that are IBS, or by the physical genomic distance that they span. Some initial investigation showed that, as expected, there was little difference in effect when the loci were evenly spaced. However, the simple count of loci was more robust to gaps in the genetic map such as near the centromeres. When there were no observed loci that could reveal a lack of IBD sharing, the length statistics became highly inflated. For this reason we base our statistical conclusions on the number of loci in an IBS run, although we report the physical length of any interesting regions found.
This simulation process has been implemented by the authors in a Java program. Java was also used to compute the IBS statistics. All other analysis, including calculating the run length statistics, was done in the R statistical environment (R Development Core Team 2004).
Our approach has broad similarities with the haplotype sharing statistics of and Beckmann et al. (2005) in that it aims to identify excess IBD sharing in cases. However, we note that their more complicated statistics require genotyping of close relatives in order to estimate phase, are based on combining pairwise comparisons, and are applied in population samples rather than in extended pedigrees. The work of Bourgain et al. (2001) is more similar to what we present here as it is applied in a very large extended pedigree, but it again requires knowing phase and combines pairwise distances.
Example
In a genome wide micro satellite marker linkage scan for prostate cancer predisposition, reported by Camp et al. (2005) , a single extended pedigree showed a multi point lod score of 3.1 at chromosome 1p23. This pedigree is shown in part in figure 1. To examine the utility of our methods, DNA from 8 affected individuals, shown numbered in the figure, was submitted to the Center for Inherited Disease Research (CIDR), and genotyped using the Illumina 110K panel (http://www.illumina.com).
Our illustrative analysis focuses on using our methods to confirm the linkage result for 1p. Since we use a subset of the same pedigree that gave this linkage, it is appropriate to evaluate the significance of our runs statistics on a genome wide level, and this forms the first part of our analysis. We then proceed to evaluate our result as if it were from an independent study to confirm a localization on chromosome arm 1p. This is partially justified by the considerable literature indicating the presence of a prostate cancer susceptibility gene on 1p, although the prior evidence near 1p23 (Xu et al. 2003; Witte et al. 2003; Maier et al. 2005 ) is weaker than that for loci elsewhere on 1p (Gibbs et al. 1999; Suarez et al. 2000; Matsui et al. 2004 ). Mainly, however, we do this for the purpose of illustration as it enables us to obtain many more simulations and to focus on the particular structure of this region.
Genome wide analysis
From a total of 109,299 loci, 3,442 were on the sex chromosomes and are not included in this analysis. Figure 2 shows the genome wide results for the lengths and positions of 38,373 runs for which all 8 cases shared a common allele, that is, where S i = 8. Among the longest of these is a run of 79 loci on 1p, spanning 1.96 Mb, which covers exactly the marker at which the peak lod score of 3.1 was observed. Haplotypes reconstructed from the micro satellite data are also consistent with this result, however, the smallest region defined by the micro satellite data is 16.7 Mb, so the SNP data allows us to narrow this considerably. Using the simulation method described above, we made 10,000 genome wide simulations of the run length statistic. Genetic distances were taken from the Marshfield map (http://research.marshfieldclinic.org), and allele frequencies were estimated from 52 Utah CEPH controls that are included as part of the 120 control sample set genotype by Illumina for the same set of SNPs. We found that a run of 79 for S i = 8 was equaled or exceeded only 382 times, giving an empirical p-value of 0.0382. Although significant, we consider this a tentative result, particularly in view of the concerns we discuss below. Nonetheless, it is sufficient to maintain interest in the region. It is informative to compare the genome wide p-value of 0.0382 for the run of 79 loci with S i = 8 with the probability from equation 2 that there is a shared IBD region among the cases. For λ = 35, d = 15, a = 2, k = 22 this is 0.067. Clearly, there were IBD regions simulated that were not of sufficient length to cover 79 loci or more. This shows that the p-value reflects power not only from the implied existence of a shared IBD region, but also from its length. It also shows that uniform spacing of the SNP coverage in the assay is important.
In order to allow for the possibility of sporadic incidence of prostate cancer among the cases, we also looked for runs where 7 of the 8 cases shared IBS. As can be seen in figure 3 the longest such run was 619 loci long, occurred at 1p23, and included the 79 loci described above. Moreover, apart from the first 4 and last 1, the non-sharing individual was the same one: individual 7. However, although this was by far the longest of the 12,078 runs of S i ≥ 7 seen in the whole genome scan, the next longest being only 213, this result is not statistically significant on a genome wide level (p-value -0.0874). This suggests considerable skew in the distribution of such run lengths.
Four runs where S i = 8 were longer than the 79 observed on 1p. These were runs of 84, 83, 81 and 83 on chromosomes 10, 12, 17 and 22 respectively. These might also be considered candidate regions for a prostate cancer predisposition gene. They were surrounded by runs where S i ≥ 7 of lengths 167, 102, 83 and 85, respectively, thus none of these is robust to the possibility of a sporadic case. However, note that it is not the case that a run where all 8 cases share IBD has to be surrounded by a run where 7 of the 8 share: a recombination that occurs early in the pedigree may cause several cases to stop being IBD with the majority at the same junction.
Candidate region analysis
Assuming, for the sake of illustration, that prior evidence for a prostate cancer susceptibility locus on chromosome arm 1p allows us to restrict attention to this region, we made 100,000 simulations for the 120 Mb spanning the 5,213 SNP markers here. The genetic distance was taken as 1.5 Morgans.
In our 100,000 simulations, the longest run of IBS on chromosome arm 1p for all 8 cases was greater than or equal to 79 loci only 207 times (empirical p -value = 0.00207). The longest run where 7 of 8 cases shared exceeded 619 only 482 times (empirical p -value = 0.00482). difference between when there is and is not IBD sharing illustrates the considerable power in IBS runs for detecting IBD. The very close relationship between the longest runs of IBS and IBD sharing is also shown in figures 6 and 7 for all 8 cases and for 7 of 8 cases, respectively. Based on the simulations, an IBD region of any length, common to all 8 cases, occurred on chromosome 1p with probability 0.00276, closely matching the theoretical value of 0.00287 derived from equation 2 with d = 15, a = 2, λ = 1.5, k = 1. In the simulations in which no IBD region was shared by all 8 cases the longest run of loci at which S i = 8 was 106. An IBD region common to 7 of the 8 cases sharing occurred with probability only 0.03452 as estimated by simulation. In the simulations in which no 7 cases shared an IBD region the longest run of loci at which S i ≥ 7 was 491. Thus, it is clear both that IBS runs closely track the length of IBD regions, and that in extended pedigrees, long IBS runs occur only rarely without underlying IBD.
Conclusion
There is clear evidence in our data for a shared IBD region in our 8 cases, however, the consequent conclusion that this region must contain a prostate cancer susceptibility gene is marginal. The pedigree we have been able to collect is of a size suitable for a candidate region or confirmatory study. A de novo genome wide scan requires larger pedigrees, as indicated by Thomas et al. (1994) who recommended a pedigree linked by more than 20 meioses. We are currently ascertaining and genotyping prostate cancer pedigrees in excess of this size in our follow up studies.
Discussion
This approach to predisposition gene localization is new, and there are several issues to address in subsequent work. Foremost of these is LD, as correlations between alleles at proximal loci will increase run lengths under the null hypothesis of no genetic effect. To make an initial evaluation of the effects of LD, we analyzed genotype data for 60 unrelated CEPH Utah individuals from HapMap for the chromosome 1p region of interest. Using a similar overall distribution of r 2 statistics as that found among the unrelated CEPH Utah individuals, we created a model of correlated alleles which were distributed to the founders in the simulation analysis. We found that the empirical p-value for a shared run length of 79 loci IBS for all 8 cases increased greatly from 0.00207 to 0.20793, but the p-value for the shared run length of 619 loci IBS for 7 out of 8 cases increased only from 0.00482 to 0.00638. The difference in effect is presumably because 619 is in the upper tail of the length distribution even when there is IBD sharing among 7 from 8 cases. Further work is required to include more appropriate and realistic LD models, such as those of Griffiths & Marjoram (1996) , Morton & Collins (2002) or Thomas & Camp (2004) , in the simulation. In the same vein, estimates of variable recombination rates need to be accounted for by a non linear translation from the genetic to physical domains.
When subsets of the cases are considered, the number of meioses lost can vary. In our example of IBS sharing among any 7 out of 8 cases compared to sharing among all 8 cases, either one or two meioses were lost, that is, there were 13 or 14 meioses in the reduced pedigree compared to the original 15. In a single averaged statistic, as used here, there will be more statistical power to detect subsets which retain fewer meioses. In other data sets where there are bigger differences in the number of meioses lost, a statistic T i , say, equal to the largest number of meioses separating a set of cases who share a common allele at locus i will be a better basis for hypothesis testing, although slightly more involved to calculate. Under perfect observation of IBD regions and with no sporadic cases, Thomas et al. (1994) showed that a single pedigree with 21 meioses was enough to detect linkage with a genome wide scan. In order to allow for observed IBS instead of IBD, and for sporadic cases reducing the number of meioses, pedigrees with meiosis count d in the 25 to 30 range are probably needed.
Much of the appeal of this approach is that the power available in a single pedigree obviates the need to consider genetic heterogeneity of the phenotype. However, it is also straightforward to combine data from independent pedigrees by finding regions that co-segregate in them. Note that this does not lead to a test for allelic association unless we specify that the alleles shared in the different pedigrees are the same.
Given the structure of the pedigree in figure 1, it is impossible to detect genotyping errors in a diallelic marker by looking for violations of Mendelian segregation. Our analysis should, however, be extended to allow for error because a single misclassification of a heterozygote as a homozygote can prematurely end a run of IBS sharing. Requiring multiple mismatches before ending a run is one way, alternatively, we can find statistics based on the locus by locus posterior distributions for the inheritance states, which are tractable by the usual peeling method (Cannings et al. 1978) . Finding runs of high values can be accomplished using, for example, cumulative sum charts.
Representative population allele frequency estimates are essential for the simulation analysis. In this study, the CEPH Utah individuals genotyped on the same panel of markers as our Utah prostate cancer pedigree fortuitously provided representative population frequency estimates. However, for studies in other populations it may be necessary to use allele frequency estimates from the pedigrees themselves. To explore the effects of this, we repeated our analysis with allele frequencies estimated from the pedigree and a single parent offspring triplet additionally genotyped by CIDR as a control, using the naive unbiased estimator. The effects of this change in allele frequency estimates were minimal. The p-value for the 79 loci shared by all 8 cases changed to 0.00202 while that for the 619 loci shared by 7 of 8 became 0.00511. Again, further work is needed to better quantify the sensitivity to allele frequency estimates.
The central question we have considered here is whether we can infer a shared region containing a predisposition gene from unexpectedly long runs of IBS sharing among distantly related affected individuals. Although our empirical tests assess them jointly, this breaks down into two separable issues. The first issue is whether IBS sharing is sufficient to conclude that there must be underlying IBD sharing. Figures 6 and 7 clearly show that in our simulations IBS runs closely match the underlying IBD, and the evenness of coverage, polymorphic content and quality of assay of the SNP panel are certainly adequate to make this analysis feasible. The clear difference between distribution of run length when there is, and is not, underlying IBD sharing demonstrates the power to detect IBD from IBS. Given that we can infer IBD sharing, the second issue is whether it is sufficiently unexpected under random segregation that we can conclude such sharing must be due to an underlying genetic cause that resulted in the selection of the cases. This is where the power of extended pedigrees is most important. While at first glance it appears that analysis using sets of relatives introduces unnecessary complexity, it is in the balance between the two central issues that the elegance of the extended pedigree design is apparent. The length of any region shared IBD by a set of relatives decreases slowly, o ( 1 d ), as d, the number of meioses connecting them, increases. Thus, there is a relatively large target to be covered by the SNPs in the assay. Conversely, the probability under random segregation that there exists any shared IBD region decreases very quickly, o ( d 2 d ), hence, for a sufficiently informative pedigree any detected sharing is likely to be significant. In short: big target, little noise.
